Abstract: Forages are an important part of crop rotations in many agricultural systems. In Manitoba, Canada, almost 40% of the 7 million ha agricultural area is devoted to forage crops and pastures. Use of legume forages to reduce fertilizer cost to producers can improve soil quality and productivity and may provide more options for diversification of the agricultural production system. We tested that whether a twofold increase in forage production for feeding beef cattle would change greenhouse gas (GHG) emissions for the agriculture and agri-food system and economic returns at the farm in the year 2011. The forage resulting from the increased production was fed to beef cattle. The GHG emissions were calculated using Intergovernmental Panel on Climate Change Tiers 1 and 2 methodologies and economic returns through an optimization algorithm maximizing net financial margin. The results suggest that the economic effects, in terms of farm-level profitability, may be minimal (decrease of 0.6%) but are likely sensitive to the market conditions in different years. Doubling the forage area and increasing the cattle herd increased GHG emissions from agriculture by 7.6%, mostly because of methane from enteric fermentation by cattle. The GHG emissions were mitigated by carbon sequestration in soil, but this is likely ephemeral, suggesting that the longer term emissions would be even greater. However, a twofold increase in forage production implies less energy use, change in water dynamics, and a reduction in the use of nitrogenous fertilizer, which could be beneficial for ecosystem services, and needs to be assessed.
Introduction
In Canada, agriculture contributes about 8% of the greenhouse gas (GHG) emissions (Environment Canada 2013) . About 40% of these emissions are estimated to come from nitrous oxide (N 2 O), mostly tied to nitrogen fertilizer application to crops. Furthermore, emissions of methane (CH 4 ) and N 2 O may offset the uptake of North American terrestrial CO 2 , reducing its sink effect (Tian et al. 2014) . Hence, considerable research has been aimed at reducing N 2 O emissions through improved efficiency in fertilizer applications to annual crops (e.g., Drury et al. 2006; Asgedom and Kebreab 2011) . On the Canadian prairies, about 55% of agricultural land is planted to annual crops (Statistics Canada 2011a , 2011b , 2011c . Forages (hay and alfalfa) and tame pasture lands account for 10% of the area, most of which do not routinely receive nitrogen fertilizers. In addition, native pasture accounts for 19% of the land in the region (Statistics Canada 2007) . Direct measurements of N 2 O fluxes have shown that nitrogen-fixing perennial forages, such as alfalfa, emit less than one quarter of the N 2 O compared with an adjacent wheat crop (Maas et al. 2013 ). This suggests that agricultural GHG emissions could be reduced by increasing perennial forages at the expense of annual crops, either by changing land use or by including forages in an annual crop rotation sequence.
The net exchange of carbon dioxide (CO 2 ) is often assumed to be close to zero for Canadian agricultural lands (Janzen et al. 1998) . Measurements and modelling have indicated that Canadian soils have lost carbon since the beginning of prairie agriculture, but that changes to tillage practices have created a more carbon-neutral environment (Smith et al. 2000) . Measurements of direct net CO 2 fluxes have generally indicated that most annual cropping systems are currently emitting CO 2 (Baker and Griffis 2005; Glenn et al. 2010; Kutsch et al. 2010; Maas et al. 2013; Taylor et al. 2013) , whereas perennial systems can sequester CO 2 (Hussain et al. 2011; Taylor et al. 2013) . Change in carbon inventories in some prairie soils have shown longer term sequestration because of a change in management practices (Lemke et al. 2012) , but sitespecific responses to changes can be variable (Gregorich et al. 2005) . The apparent discrepancy between inventory and direct flux measurements is likely caused by measurements in very different areas, with a basic concept that areas of current high organic carbon are more susceptible to ongoing losses. Overall, perennial forages have a greater potential as a CO 2 sink than annual crops and, coupled with the N 2 O emissions, have a clear advantage to reduce emissions of GHG from cropping systems.
An increase in forages (tame hay and alfalfa) production for maintaining beef cattle enterprise on a farm would replace annual crop area because the total area of the farm is fixed (at least in the short term). Although a change in cattle inventory would require a different amount of pasture (tame and unimproved), we assumed that the current level of pasture is adequate. This revised allocation of land might change GHG emissions, as well as farm-level returns.
The GHG budget for a beef cattle production system indicates that about 53%-63% of net GHG emissions originate from enteric CH 4 (Beauchemin et al. 2010; Basarab et al. 2012) . This means that the effect of increased consumption of forage by cattle could increase GHG emissions if the CH 4 component overrides the reduction in N 2 O emissions from annual crops. Clearly, the CO 2 flux from soil must be considered, because modelling assessments have shown the importance of this to accurately assess net GHG balance in livestock production systems (Vergé et al. 2012; Wang et al. 2015) .
The pre-European Canadian prairie was dominated by perennial species, and the carbon-rich Chernozemic soils resulted from the organic matter cycling in this system. We can argue that an increase in the area of perennial species, essentially forages in the agricultural system, would have additional ecosystem benefits including an increase in water infiltration through soil, less tillage/planting disturbance, decreased soil erosion, increased biodiversity and habitats, and better control over evapotranspiration.
Although increasing perennial forage production in the Canadian prairies may be an environmental advantage, it cannot be achieved without considering social and economic outcomes. Most previous studies have looked at the economics of various parts of the farm enterprise such as costs of production and net returns to producers related to policy issues (e.g., Johnson et al. 2002; Miller et al. 2002; Zentner et al. 2002) . Integrated crop and livestock systems have been evaluated by Krall and Schumn (1996) and Russells et al. (2007) but have focused their analysis on profitability. Recently, Brewin et al. (2014) demonstrated that multienterprise integrated systems have an economic advantage compared with single enterprises in western Canada. However, the economics of changing a specific management practice over a relatively large area with the potential to decrease GHG emissions has not been evaluated, although there have been global analyses that look at mitigation options as cost per emissions saved (Beach et al. 2008) . Such an evaluation requires detailed knowledge of the regional economics, current cropping practices, and input data to evaluate the life cycle of the production system.
In the current analysis, we consider the implications of increasing the perennial forage (tame hay and alfalfa) area at the expense of annual crops over a relatively large geographic area. We have selected the Province of Manitoba, Canada, as the area, for which we have a reasonable economic data set (Brewin et al. 2014; Kulshreshtha et al. 2015) plus direct GHG measurements from cattle (Boadi et al. 2002) and cropping systems (Glenn et al. 2010 (Glenn et al. , 2012 Tremorin et al. 2012; Maas et al. 2013; Taylor et al. 2013) . The province currently has about 4.5 million ha of annual crops and 2.0 million ha of forages and pastureland (Statistics Canada 2011a , 2011b , 2011c . We have selected a doubling of forage area (tame hay and alfalfa) as our scenario to evaluate the implications on GHG emissions as well as the changes to financial returns/margins in farm-level revenues over the variable costs. Our working null hypothesis is that this doubled-forage area scenario would have no effect on either GHG emissions or economic returns.
Materials and Methods
In this study, the land area seeded to forage crops (hay and alfalfa) in the province of Manitoba was doubled from that reported by Statistics Canada (2011a , 2011b , 2011c from 740 000 ha to 1.47 million ha. The remaining area (5.07 million ha) was allocated to other crops using the assumption of rationality (mainly maximization of profits from selecting a given alternative or enterprise) by producers. Due to limited availability of the data, only a single census year (2011) was used for the analysis. The resulting changes in land use were then used to simulate GHG emissions under the doubled-forage area scenario.
The results do not take into account any changes in fixed costs, because the financial margin is revenue net of operating (variable) costs only. The cost of transition to increased forage and livestock operations at the expense of annual crops was not considered in the analysis.
Two separate modules were linked to address the production activities, the economic decisions, and the resulting GHG emissions (Fig. 1) . The first module estimates the selection of crops when doubling the forage area causing changes to the land use and cattle inventory relative to the baseline scenario of actual land use and cattle inventory in Manitoba in 2011. This module was developed using data from the Census of Agriculture (Statistics Canada 2011a , 2011b , 2011c . The second module estimates GHG production for various regions of Manitoba using Intergovernmental Panel on Climate Change (IPCC) Tiers 1 and 2 methodologies.
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Activity analysis module
The activity analysis module uses Positive Mathematical Programming (PMP) as an optimization algorithm (Howitt 1995) . This methodology is superior to simple linear programming because it does not allow overspecialization (selection of one crop enterprise for the whole region or farm) in a region. The PMP model is a form of optimization that uses calibration techniques to set decision variables in the objective function at levels near to those observed in the field (Henry de Frahan et al. 2007) . In this way, the PMP model is designed to provide realistic scenarios or at least somewhat closer to reality than might be possible with a noncalibrated model (Howitt 1995) . The PMP model is suited for solving problems associated with agricultural change or diversification, including problems defined by changes in agricultural production activities, such as a forced doubling of forage area in Manitoba. The PMP model also facilitates the interdisciplinary study of effects on the agri-environment in which impacts of change in agricultural production are assessed both economically and environmentally (Heckelei et al. 2012) .
By applying this methodology, area was allocated to various crops in the six regions (based on census districts) in Manitoba. The method maximizes net financial margin in each of the six regions while meeting cultural practice constraints for both crop and livestock productions. The resulting net financial margin for each of the regions was aggregated to the provincial level, along with net margins from livestock activities. The first run calibrates the levels of activities to those reported in the 2011 Census of Agriculture (Statistics Canada 2011a , 2011b , 2011c to ensure representativeness of the scenario. The constraints are then modified to force a doubling of forage area in each region and an equal but opposite reduction in area for production of nonforage crops. Flexibility constraints were placed around each cropping activity, and the revised scenario was computed showing the change in net margin and the change in cropping activities.
The increase in forage production required some channel for disposition. The basic choices were either to feed this forage to local livestock or to export the forage for consumption in another jurisdiction. We selected an increase in local beef cattle production as the preferred outlet for the increased forage based on a likely economic advantage of increasing beef productivity in the province. The beef cattle numbers were increased in proportion to the availability of forages through an increase in cow-calf pairs and beef steers and heifers for replacement and backgrounding. The increase in cow-calf pairs was determined by the available forage production and feed conversion rates. Dairy activities were left unchanged because provincial quota restrictions will not allow simple expansion. Nonforage-eating animal numbers were also left unchanged because Manitoba is generally a net exporter of nonforage feed ingredients such as wheat, barley, canola and flaxseed (Government of Manitoba 2015). Thus, the numbers of such animals were assumed to be unaffected by a reduction in nonforage crop hectares. Finally, the resulting crop margin and crop and beef cattle production changes in the six regions were aggregated to give the results at the provincial level and compared with the baseline level. No change in relative proportion of cattle in various classes was assumed, based on the fact that most cattle born in Manitoba are finished out of province before they are sold at market (Manitoba Trade and Investment 2014).
GHG emissions module
The second module simulated GHG emissions using a systems' context (farm-level inputs to sale of live animals) framework and a combination of IPCC Tier 1 GHG emissions coefficients (Kulshreshtha et al. 2000) supplemented with Canadian-based Tier 2 estimates for beef cattle production. Our aim was to examine GHG emissions for the entire food chain of beef cattle production excluding the processing of these animals. Thus, the module estimates two types of GHG emissions: (1) farmlevel GHG emissions that are a sum of direct livestock production emissions (such as enteric fermentation, manure storage, and management), net emissions from crop production (such as land-use-related carbon sequestration, growing of crops for livestock production including use of energy and synthetic fertilizer, manure application to crop field), indirect emissions (atmospheric deposition and nitrogen leaching), as well as on-farm storage and transportation (for shipping livestock to their final destinations, such as stockyards) and (2) off-farm GHG emissions that include those from production, storage, and transportation of farm inputs (such as fuel, fertilizer, and farm machinery) and offfarm transportation and storage of farm products (shipments of live animals to export points and to processing firms). A sum of these two types of emissions constitutes the total GHG emissions.
The GHG emission coefficients for the cattle were estimated using the IPCC Tier 2 methodology, based on the equations provided by IPCC Good Practice Guidance (IPCC 2000) as described in the National Inventory Report (Environment Canada 2013) . A national study by Boadi et al. (2004) broke down cattle raising classes by province into subannual production stages and defined their physiological status, diet, age class, sex, weight, growth rate, activity level, and production environment. These data were integrated into IPCC Tier 2 equations to produce annual emission factors for each individual animal subcategory that take into account provincial production practices based on those reported in Environment Canada (2013) . For each animal category/ subcategory, CH 4 emissions are calculated by multiplying the animal population of a given category/ subcategory by its corresponding emission factor. However, the IPCC Tier 1 methodology was used for estimating GHG emissions for the other animal categories (swine, chicken, turkey, sheep, and lamb). Scenario results were compared in terms of carbon dioxide equivalent (CO 2eq ) using a global warming potential for CH 4 of 28 and for N 2 O of 265 on a mass basis for a 100 yr period without carbon-climate feedbacks (Myhre et al. 2013) .
Because finishing of Manitoba-born cattle was not included (small contribution of the finishing operation within the province), our estimates of GHG from the cattle sector could be an underestimate for the full production cycle. However, the cow-calf backgrounding portion of production in Canada contributes about 88% of the GHG emissions (Beauchemin et al. 2010 ) so we have captured the greatest part of the change.
Empirical methodology
The PMP model solved for the optimal allocations of crop and livestock activity levels for six regions in Manitoba for the base year. The model was run twiceonce for the baseline (2011) conditions and then for the doubled-forage area scenario of 2011 conditions under doubling of forage area while holding the total agricultural land area constant. The optimal allocation of land use is reached when the financial margins are maximized. The financial margin is the amount that a producer can receive when all variable costs have been paid. The difference between the two scenarios is the impact of doubling forage area on producers' returns in the Province. Although crop production results were estimated at the regional level, those for the livestock sector could only be estimated for the province as a whole.
Baseline area and cultural practice data were obtained from Statistics Canada (2011c) . Prices of the products were obtained from crop and livestock production reports by Manitoba Agriculture Food and Rural Initiatives (Manitoba Agriculture 2011). For each of the six regions in Manitoba, the data included the baseline area of pastures and major crops. Baseline variable cost data for various crop activities included per unit of area expenditures on fertilizer (nitrogen, phosphorus, and potassium), fuel, chemicals, and repairs, as well as rates per tonne for elevation, rail freight, and other shipping costs (Kulshreshtha and Sobool 2006) . Baseline animal production data included numbers of various types of animals. Baseline financial data for animal production also included financial margins per head earned in 2011 as well as feed conversions of various forages for cow-calf pairs.
Results and Discussion
Increased forage area, subsequent decrease in annual crop area, and percentage change from the baseline area are shown in Table 1 . Major area reductions were noted for summer fallow and lentils, which decreased by 25% and 32%, respectively, of the baseline area. Some reductions were also noted for canola. This is because some of these crops were lower value crops in Canada (2011a Canada ( , 2011b Canada ( , 2011c .
that year and on the basis of economic logic, production was decreased. The increase in forage area led to an increase in cow-calf pair numbers by 250 000 (52% increase from the baseline values) and an increase of 20 000 beef heifers and steers (48% increase from the baseline values; Table 2 ). Under the doubled-forage area scenario, there was a decrease of CAN$97.8 million (subsequent monetary values are in Canadian dollars) in crop net margin (gross revenue less variable costs) (Table 3) . However, the increased cattle inventory resulted in an increase in the provincial net margin for livestock of $89.6 million, thereby partially offsetting this loss. The overall change in the net margin was a loss of $8.2 million, which is a decrease of 0.6% of the total provincial agriculture net margin. The reduced net margin is not surprising given that the theoretical doubling of forage area forces producers off the market-determined margin that normally maximizes the mix of crop and livestock enterprises. In other words, the solution generated by the model is not necessarily the optimal one; it is a conditional optimum value, conditional on increased forage area. However, we could argue that this small change relative to the full net margin is within our analysis uncertainty and likely represents no significant change. As changes in net margin respond to both relative price changes and input costs for the enterprises, our economic analysis for 2011 can be put into a broader timeframe by considering the change in the ratio of prices for crops (using canola as an indicator) to beef cattle over a longer period. For 2006 to 2015 inclusive, the annual ratio of canola to steer slaughter price in Manitoba has ranged from $2.6 to $5.8 per tonne canola per CAN$/cwt beef (MAFRD 2015) . The ratio in 2011 was the third highest year at 5.4; the mean was 4.7, and standard deviation was 1.30 among years. Hence, we expect that over this 10 yr timeframe, there may have been a lesser economic impact in the reduction of annual crop area, assuming that net margin ratios follow price ratios. The changes in forage and nonforage activities also increased total fuel usage but decreased total nitrogen fertilizer usage, reduced chemical and other operating expenditures, and decreased elevation and rail freight expenditures. The model also predicted an increase in phosphorus (P) and potassium (K) fertilizer usages because of greater P and K removal with forage production, with an assumption that producers will need to replenish soil nutrient reserves. In fact, this is likely an overestimate because many beef cattle producers do not fertilizer their forage lands.
The resulting crop and livestock numbers were used to drive the change in GHG emissions for the province using livestock GHG emission coefficients shown in Table 4 along with those from IPCC for crop and other emissions. Changes in GHG emissions for the province are shown in Table 5 . Consistent with reduced annual crop area, total GHG emissions from crop sources (including farm input production and use) were reduced by 500 kilotonnes CO 2eq . Over 80% of the reduction was from the increased carbon sequestration through landuse change from annual crop to perennial forage production. In many models, carbon sequestration in soil is a transient condition with a changing land use, but there is evidence that many forage lands continue to gain soil carbon so this effect may persist for some period (Hussain et al. 2011; Taylor et al. 2013 ). However, this will likely equilibrate eventually (Marland et al. 2003; Smith 2014) , so the land sequestration of CO 2 will reduce to zero and the GHG balance will favour cropping systems more than cattle. However, the length of time for this process to complete is location specific and requires further investigation. Lower farm energy use from crops contributed another 20%. The GHG emissions from farm inputs and indirect emissions increased GHG emissions slightly. The indirect N 2 O emission increase is likely a mass-balance artefact in the model caused by an increased nitrogen-fixing alfalfa, and could be an overestimate.
The decrease in crop emissions was offset by increased emissions from livestock sources, with an increase of 844 kilotonnes CO 2eq . This was mostly from enteric CH 4 from cattle and from CH 4 and N 2 O from manure. The increase in cattle numbers dictated increases in all inputs required for livestock production, which generated greater CO 2 emissions. The net result was an overall increase of 440 kilotonnes CO 2eq because increased CH 4 and N 2 O emissions were greater than the decrease in Alemu et al. (2015) found that two very different whole-farm models (excluding soil carbon changes) gave GHG emission estimates that were only 1.4% different from the baseline scenario. This suggests that our 7.6% change may be greater than our uncertainty and is likely a true increase in emissions. Overall, we estimated a decrease in the agricultural net margin of 0.6% and an increase in GHG emissions of 7.6% from a doubling of forage, with emissions likely increasing if the soil carbon sink decreases over time. This means that potential benefits, other than GHG emission and economic changes, need to be considered. Although we have not modelled ecological goods and services (Kulshreshtha et al. 2015) , these would be a key driver when comparing perennial forages with annual crops at the regional level. For example, deep-rooted forages such as alfalfa increase water infiltration and tap into deeper soil moisture because of their root structures (e.g., Bedard-Haughn 2009), although there is a recent evidence that alfalfa could enhance phosphorus runoff to water bodies (Liu et al. 2014) . These additional values could be more important, especially if the economic advantage is calculated. We recognize that our economic analysis is affected by variability in input costs and produce returns, and that longer term analyses are necessary. Moreover, a large increase in forage production at the expense of annual crops would have broader societal impacts related to the nature of agricultural operations, likely requiring an extended period of adjustment and adaptation. Market feedbacks may not be significant if this is done for a relatively small area, but pricing and markets would change beyond our model assumptions if a large production area adopted a doubling-forage strategy.
Conclusion
The economic effect and change in GHG emissions from an increase in forage production were assessed by posing a scenario of doubling the forage area in Manitoba, Canada. Using an optimization algorithm, we altered the regional mix of annual cropping and livestock systems to accommodate the required landuse change, with the excess forage supporting a larger cow-calf herd. Using 2011 prices, we observed a decrease of about $8.2 million, about 0.6% of the provincial net farm margin. A slight increase (such as that observed for the period after late 2013) in livestock price could alter this value to a positive change, whereas the reverse would be expected with the increased crop prices. Similarly, GHG emissions would increase by 441 kilotonnes, about 7.6% of the provincial total from agriculture as a consequence of increased emissions of CH 4 and N 2 O from the livestock sector and decreased carbon dioxide emissions from the cropping sector. Although our study focused on a relatively small area, this work serves as a model that may be applied in other global temperate climate production systems. In addition to our GHG assessment, reduced energy input use and changes to the hydrological cycle would be associated with other ecosystem services and may have value to society, and thus deserve to be assessed in future studies.
